Soluble forms of tellurium are environmental contaminants that are toxic to microorganisms. While tellurite [Te(IV)] is a well-characterized antimicrobial agent, little is known about the interactions of tellurate [Te(VI)] with bacterial cells. In this study, we investigated the role of sulfate transporters in the uptake of tellurate in Escherichia coli K-12. Mutant strains carrying a deletion of the cysW gene in the CysPUWA sulfate transporter system accumulated less cellular tellurium and exhibited higher resistance to tellurate compared with the wild-type strain. Complementation of the mutation restored tellurate sensitivity and uptake. These results indicate that tellurate enters E. coli cells to cause toxic effects via the CysPUWA sulfate transporter.
INTRODUCTION
Tellurium (Te) is an emerging contaminant that poses a threat to environmental health due to its toxic effects on microorganisms (Zeng et al. 2015; Ramos-Ruiz et al. 2016 , Ramos-Ruiz et al. 2017 . In addition to historical Te contamination produced by gold mining and metal refining operations (Wray 1998; Perkins 2011) , increasing usage of CdTe in thin-film solar panel technologies and electronic devices has introduced new anthropogenic sources of Te into the environment (Kranz, Buecheler and Tiwari 2013) . Recent studies have suggested that soluble forms of tellurium can leach from these devices upon decommission and disposal (Zeng et al. 2015; Ramos-Ruiz et al. 2017) , with tellurate [Te(VI), TeO 4
2− ] and tellurite [Te(IV), TeO 3 2− ] as the main chemical species of tellurium in the leachate. While the toxicity of tellurite is well established in bacteria, very little is known about the toxic effects of tellurate (Pérez et al. 2007) . To date, the molecular basis of tellurate uptake and toxicity in bacteria has not been studied in detail.
Sulfate [S(VI), SO 4 2− ] transporters have been previously
demonstrated to be gateways for toxic oxyanion entry into the cytoplasm of cells (Mansilla and de Mendoza 2000; Bébien et al. 2002) . The CysP sulfate transporter of Bacillus subtilis, which belongs to the Pit family of ion transporters, mediates the transport of chromate oxyanions [Cr(VI), CrO 4 2− ] into the cell as does the SulT-type sulfate transporter of Escherichia coli (CysPUWA) (Mansilla and de Mendoza 2000) . Additionally, the SulT-type sulfate transporter of E. coli has been shown to be involved in selenate [Se(VI), SeO 4 2− ] uptake (Bébien et al. 2002) . Given the structural and chemical similarities between sulfate, chromate, selenate and tellurate, it is possible that tellurate may also be transported into bacterial cells by a sulfate transporter. However, experimental studies on tellurate uptake are currently lacking and the transporters involved in tellurate entry into the cell have not been identified. In this study, we examined tellurate uptake and toxicity in E. coli K-12. The objective of this study was to determine if the two known sulfate transporters in E. coli are involved in tellurate uptake and whether inactivation of specific sulfate transport systems increases tolerance to tellurate toxicity. Experiments were conducted with mutant strains carrying deletions of the SulT-type ABC transporter CysPUWA and a second, unrelated, pH-dependent, high affinity sulfate transporter, CysZ. The results of this study provide mechanistic insights into tellurate transport into bacterial cells and elucidate the first step in acute tellurate toxicity.
MATERIALS AND METHODS

Bacterial strains, plasmids and growth procedures
Experiments were conducted with the wild-type E. coli K-12 and the mutant strains JW2412 ( cysW::kan), JW2415 ( cysA::kan) and JW2406 ( cysZ::kan) obtained from the Keio Collection of the National Institute of Genetics, Japan (Baba et al. 2006) . Prior to experimentation, PCR and sequencing were conducted to confirm the in-frame gene deletion of mutant strains. Chem-
mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 recA1 araD139 (ara-leu)7697 galU galK rpsL endA1 nupG) (Invitrogen) were used for the cloning of the cysPUWA genetic region (Invitrogen), and pCRXL-TOPO (KanR, ZeoR, Plac) (Invitrogen) was used as the vector backbone for the cloning of cysPUWA to generate the pcysPUWA plasmid.
Unless otherwise stated, cells were pre-grown overnight in LB at 37
• C in a shaking incubator at 200 rpm. Prior to the start of all experiments, overnight seed cultures were washed and transferred to fresh M9 medium with the following components: 10 g/L beef extract, 12.8 g/L Na 2 HPO 4 ·7H 2 O, 3 g/L KH 2 PO 4 , 0.5 g/L NaCl, 1 g/L NH 4 Cl, 2 mM MgSO 4 , 0.1 mM CaCl 2 and 0.4% glucose. JW2412:pcysPUWA was grown with the addition of 50 μg/mL zeocin to maintain the pcysPUWA vector.
Genetic complementation
The wild-type cysPUWA transporter was cloned from the genome of E. coli K-12 for complementation. Genomic DNA was extracted using the DNeasy PowerSoil Kit (MO BIO). To clone the cysPUWA genetic region for complementation, the SPO-F (ACCGTTACTCCTTTCACGTCC) and SPO-R (GCGTCTTATCAGG TCTACAGG) primer set was designed. SPO-F is positioned 72 bp upstream of the cysP start codon. SPO-R is positioned 100 bp downstream of the cysA stop codon resulting in a product that is 3976 bp in length. cysPUWA was PCR amplified using Phusion High-Fidelity Polymerase (NEB) following the manufacturer's protocol. The entire PCR amplification was run on a 1% agarose gel with 1.6 μg/mL crystal violet added. The gel was visualized under normal room lighting and the band corresponding with the correct amplicon length was excised. The PCR product was then purified using the SNAP Gel Purification Kit (Invitrogen). A-overhangs were then added to the ends of the bluntend cysPUWA PCR product by incubating the purified PCR product for 10 min at 72
• C in the presence of 0.2 mM dNTPs and Taq polymerase. Ligation was performed immediately after the A-tailing reaction using the TOPO-XL cloning kit (Invitrogen) following the manufacturer's protocol. The ligation mixture was then transformed into chemically competent TOP10F cells (Invitrogen) following the manufacturer's protocol. The transformation mixture was then plated onto LB plates containing 50 μg/mL kanamycin and incubated overnight to select for successful transformants. Plasmids were extracted from kanamycin-resistant colonies using the Zyppy Plasmid Miniprep Kit (Zymo) and screened for inserts by performing a single digestion with HindIII restriction enzyme to linearize the plasmid and check for the correct size. Plasmids of the correct size were then sequenced (Genewiz, NJ, USA) using the M13 Reverse primer (CAGGAAACAGCTATGAC) to confirm correct orientation. Plasmids containing the correctly oriented cysPUWA inserts were then transformed into chemically competent JW2412 cells. Chemically competent JW2412 cells were prepared by treating exponential-phase cells with a calcium glycerol solution (10% glycerol, 50 mM calcium cholride). Competent cells were transformed with the cysPUWA-containing plasmid using a heat shock method and incubated overnight on low-salt LB plates with 50 μg/mL zeocin. Zeocin-resistant colonies were selected and grown in low-salt LB broth with 50 μg/mL zeocin overnight. Plasmids were extracted from these cells using the Zyppy Plasmid Miniprep Kit (Zymo). Plasmids of the correct size were confirmed by performing a single digestion with the HindIII restriction enzyme. Zeocin-resistant colonies were selected and plasmids were extracted as described above. The presence of the correct plasmid was confirmed by digesting the extracted plasmid with HindIII restriction enzyme and visualizing on an agarose gel.
Cell growth with tellurate
Experiments were performed to determine if the CysPUWA or CysZ sulfate transport system is involved in tellurate uptake. The wild-type strain, cysZ mutant, cysW mutant and cysA mutant were grown at varying concentrations of tellurate to determine the effect of inactivation of sulfate transporter genes on tellurate resistance. Cells were grown in a shaking incubator at 37
• C for 10 h and then optical densities were determined using a BioSpec-Mini UV-Vis spectrophotometer (Shimadzu) at a wavelength of 600 nm (Myers, Curtis and Curtis 2013) . Optical densities at the different tellurate concentrations were normalized against the control for each strain that was grown with 0 mM tellurate to determine the relative growth values. The minimum inhibitory concentration was determined by diluting an overnight culture to an initial cell density of 5 × 10 5 cells/mL as determined from an OD vs CFU/mL standard curve at tellurate concentrations of 0-800 μM. The effect of increasing sulfate concentrations on tellurate resistance was also examined in M9 medium. The wild-type strain was grown overnight in LB broth at 37
• C, washed with phosphate-buffered saline, and then transferred to M9 medium. Cultures containing 2, 20 or 40 mM sulfate were spiked with 100 μM tellurate. Cells were then incubated at 37
• C in a shaking incubator for 6 h and optical densities were determined at OD 600 . Optical densities at different tellurate concentrations were normalized against the control for each strain that was grown with no tellurate to obtain the relative growth values.
For all experiments, growth data were analyzed using Student's t-test to determine if differences were statistically significant.
Tellurate uptake and reduction measurements
Tellurate uptake by the cells was analyzed using inductively coupled plasma optical emission spectrometry (ICP-OES). All strains were initially grown overnight with LB broth. Overnight cells were washed twice with phosphate-buffered saline and transferred to fresh M9 medium at a starting OD of 0.05. After 10 h of growth at 37
• C, late-exponential phase cultures were spiked with 100 μM of tellurate. Aliquots for tellurium analysis and cell counts were immediately taken after spiking cultures with tellurate and then again after an additional 24 h of incubation. Samples for tellurium analysis were filtered (0.2 μm filters), acidified (2% nitric acid) and then analyzed using an iCAP 7400 ICP-OES analyzer (Thermo Fisher) at a wavelength of 214.282 nm. The loss of dissolved tellurium from the aqueous medium was attributed to cellular accumulation. Tellurium accumulation was normalized against the cell numbers to determine tellurate uptake per cell for each strain and analyzed using Student's t-test to determine if differences were statistically significant.
RESULTS
Escherichia coli K-12 grown at increasing concentrations of tellurate exhibited marked decrease in growth (Fig. 1a) . At 100 μM tellurate, the relative growth of K-12 compared with its growth in the absence of tellurate was 16 ± 7.3% (SE). At the two higher concentrations (200 and 300 μM), relative growth was only 3 ± 0.2%. The growth experiments indicated that tellurate is toxic to the cells at a minimum inhibitory concentration of 200 μM. To test if sulfate and tellurate share a common transporter, we performed a sulfate competition experiment and examined whether high levels of sulfate out-compete the low levels of tellurate for entry into the cells. Escherichia coli K-12 grown with 100 μM tellurate and increasing levels of sulfate (2, 20 and 40 mM) showed increasing tolerance to tellurate. At 2 mM sulfate (the amount in basal M9 medium), tellurate severely inhibited growth and the cells grew to only 14 ± 4% compared with controls grown without tellurate (Fig. 1b) . At 20 and 40 mM sulfate, the relative growth of cells in the presence of tellurate increased to 42 ± 7% and 67 ± 24%, respectively (Fig. 1b) . The increasing tolerance to tellurate with increasing sulfate concentrations was statistically significant (P < 0.05), indicating that tellurate uptake is dependent on the concentration of sulfate in the medium.
Inactivation of the CysPUWA sulfate transporter in E. coli increased tellurate resistance when grown with tellurate (Fig. 1c) . The cysW mutant strain, which lacked an integral membrane protein in the sulfate transport system, showed increased relative growth on tellurate at all concentrations tested compared with the wild-type strain. When analyzed for statistical significance, P values of 0.02, 0.002 and 0.007 were obtained for the 50, 100 and 200 μM datasets. The growth experiments indicated that the minimum inhibitory concentration for the cysW mutant increased to 500 μM. Complementation was performed to eliminate the possibility of polar effects on downstream genes in the operon. Complementation of this mutant strain with a plasmid carrying the entire CysPUWA transporter resulted in lower relative growth levels compared with the cysW mutant strain, indicating that complementation of the cysW mutation restored sensitivity towards tellurate. The cysA mutant strain, which lacked the ATPase subunit of the sulfate transport system, also showed increased relative growth on tellurate with minimum inhibitory concentration of 500 μM (data not shown). This suggests that impairment of either the membrane or the ATPase subunits of the CysPUWA transporter prevents tellurate entry into the cell, thereby conferring higher resistance to tellurate. Conversely, inactivation of the high affinity CysZ sulfate transporter system had no effect on tellurate tolerance (Fig. 1d) . The cysZ mutant strain did not show statistically significant differences in growth compared with the wild-type strain (P > 0.05), suggesting that the CysZ transporter is not involved in tellurate uptake. Taken together, these results indicate that CysPUWA and not CysZ is the tellurate transporter in E. coli.
Measurements of tellurate uptake showed that cysW mutant accumulated less cellular tellurium compared with the wild-type strain (Fig. 2) . After 24 h of incubation in medium containing 100 μM of tellurate, the wild-type strain accumulated 5.73 ± 0.20 pmol of Te per cell compared with 0.79 ± 0.23 pmol of Te per cell in the cysW mutant. This represents a decrease of more than 86% in tellurium accumulation in the cells (P < 0.01). Complementation of the cysW knock-out mutant increased tellurium accumulation to 2.18 ± 0.23 pmol/cell indicating partial restoration of tellurate uptake activity. These results indicate that inactivation of the CysPUWA transporter impaired tellurate uptake and decreased cellular tellurium accumulation.
DISCUSSION
Inactivation of the SulT-type CysPUWA sulfate transporter increased tellurate resistance in E. coli (Fig. 1c) . The CysPUWA transporter is known to mediate sulfate transport into the cell in an ATP-dependent manner (Aguilar-Barajas et al. 2011) . CysU and CysW are the transmembrane subunits of this transporter complex and CysA and CysP are the ATPase and sulfate binding subunits, respectively . Sulfate enters the cell by first binding to either CysP or a functionally redundant subunit, Sbp, encoded at a separate genetic location from the other four Cys subunits. While there are several conserved residues in both Sbp and CysP that have been implicated in sulfate binding , it is unclear whether these same residues are involved in the non-specific binding of tellurate. The membrane proteins CysW and CysU form the transmembrane channel through which sulfate oxyanions pass through the inner membrane . It has been shown that cysW mutants are defective in sulfate transport (Farmer and Thomas 2004; Aguilar-Barajas et al. 2011) . Similarly, our experiments showed that the loss of the transmembrane subunit CysW inhibited transport of tellurate and tellurium accumulation in the cell (Fig. 2) . The cysA mutant also exhibited higher tellurate resistance, indicating that the ATP hydrolysis subunit is necessary to drive tellurate transport across the membrane.
Tellurium exerts its toxic effects mainly within the cytoplasm after entry into the cells (Chasteen et al. 2009 ). Our experiments showed that the exclusion of tellurate from the cytoplasm by inactivation of its transporter enabled mutant cells to survive at higher concentrations of tellurate compared with the wild-type strain. This effect is similar to previous observations of increased chromate resistance from disruption of CysPUWA (Aguilar-Barajas et al. 2011) , as well as increased tellurite resistance from inactivation of the transporters PitA and ActP (Elías et al. 2015) . Currently the mechanism of toxicity of tellurate after entry into the cell has not been determined. Tellurite exerts toxicity through the oxidation of intracellular thiols and the cysteine residues of proteins. (Turner, Weiner and Taylor 1999; Turner et al. 2001; Vrionis et al. 2015) . Likewise, we would expect tellurate to interact strongly with sulfur-containing functional groups, possibly oxidizing free thiols and diminishing the redox buffering system or binding to cysteine residues and inhibiting protein function. Also similar to tellurite, tellurate may generate reactive oxygen species inside cells (Pérez et al. 2007) , resulting in cellular damage to proteins, lipids and essential cofactors (e.g. Fe-S clusters).
Darkening of the cultures was observed with both the wildtype strain and the complemented cysW mutant indicating the precipitation of elemental tellurium. This indicates that E. coli cells with a functional CysPUWA sulfate transporter reduced tellurate [Te(VI)] to its elemental form [Te(0)], presumably by an intracellular process that is dependent on uptake of tellurate from the medium. Te-resistant strains of E. coli are known to produce black elemental tellurium deposits inside the cell during tellurite reduction, which results in a darkening of cell cultures as elemental tellurium accumulates (Taylor et al. 1988) . The formation of elemental tellurium from tellurate requires an addition step where Te(VI) is first reduced to Te(IV). The reduction of Te(VI) to Te(IV) in E. coli is not fully understood, although there is genetic evidence to suggest that a molybdoenzyme is involved (Theisen, Zylstra and Yee 2013) . Once tellurite is formed, Te(IV) reduction occurs in the cytoplasm of E. coli via reactions with intracellular thiols and by the non-specific activity of certain enzymes such as the nitrate reductase (Avazéri et al. 1997; Turner, Weiner and Taylor 1999) .
The SulT-type sulfate transporter is widely distributed among bacteria, suggesting that this transport system may act as an entryway for tellurate into other bacterial cells. While the SulT-type transporter is not universal in prokaryotes (Baesman et al. 2007 (Baesman et al. , 2009 ), this sulfate transport system has been reported in the genomes of a variety of Proteobacteria, Actinobacteria, Firmicutes, Spirochetes and Cyanobacteria (Aguilar-Barajas et al. 2011) . We also found homologs of this transporter in members of the Chloroflexi, Deinococcus-Thermus and Nitrospirae phyla. In addition to the findings presented here on tellurate transport and toxicity in E. coli, a recent study showed that tellurate and tellurite are inhibitory towards important environmental processes such as methanogenesis (Ramos-Ruiz et al. 2016) . Because many microorganisms that perform carbon cycling, photosynthesis and bioremediation harbor the SulT-type transporter system, further research is warranted to determine tellurate uptake in ecologically relevant microorganisms to understand toxic effects of tellurium contamination on microbial processes in the environment.
